Introduction
Nanotubular cell-to-cell connections termed "tunnelling nanotubes" or "membrane nanotubes" (MNTs) (the term used in this paper) enable diverse possibilities of cell-to-cell signaling and cargo transfer [1] [2] [3] . This includes the exchange of signal carriers (e.g. proteins), organelles (e.g. mitochondria), bacteria, viruses, exosomes, DNA, RNA, or electric long-range coupling [4] [5] [6] [7] [8] . The defining characteristics of MNTs are still being debated and the investigation of MNT properties is ongoing but recently a consensus of leading MNT researchers was published that MNTs can be defined as "tubular membrane connection between non-adjacent cells that allow direct intercellular communication, not necessarily gap junction-mediated". MNTs also contain F-actin and/or tubulin, have a variable diameter of 50-800 nm and are open-ended [3] . It can be added that MNTs are filled with cytoplasm and have a lipid bilayer [9] . Some MNTs also contain microtubules [10] and have the gap junction protein Cx43 at the end [6] . In some cases, individual MNTs stick together to form a single, thicker, MNT [9] . As recently summarized by Rustom [11] , MNTs are "intimately linked to the physiological state and pathological" state of cells and "represent a central joint element of diverse diseases, such as neurodegenerative disorders, diabetes or cancer". Furthermore, MNTs seem to play an important role in long-range physical cell-to-cell signaling in multicellular organisms possibly enabling novel ways of physical signal transfer [12] and being involved in the functioning of neurosystems [13] . Studies have been published that report the existence of bulges, i.e. local increases of the diameter, of MNTs [14] [22] . This ultrastructural feature of MNTs was attributed to the presence of objects (vesicles or organelles) inside MNTs [6] .
Objective
Our objective was to document and analyze bulges of MNTs using scanning electron microscopy (SEM) to increase the knowledge of ultrastructural feature of MNTs. To our knowledge, a detailed characterization of MNT bulges concerning their geometrical properties has not been done before. [6] documented examples of MNT bulges in the retinal pigment epithelial cells using differential interference contrast microscopy and SEM. The MNT bulge diameter was reported to be D B = 1 µm and the typical MNT diameter to be D MNT = 250 nm (with a range of 50-300 nm). These values are larger than the values we determined in our sample and study, i.e. the diameter of the two MNTs investigated in our study were 2.3 (MNT #1 ) and 3.6 (MNT #2 ) times smaller, and the bulge diameters were 4.04 (MNT #1 ) and 11.75 (MNT #2 ) times smaller, respectively. This indicates the presence of a large heterogeneity of MNT morphology, confirming previous reports. Wittig et al. concluded that the MNT bulges suggest the presence of organelles in MNTs. Using the specific mitochondrial dye JC-1 they could label mitochondria inside MNTs. The presence of mitochondria inside MNT bulges was also reported by Patheja and Sahu [22] . In another study, Reichert et al. [20] reported also the presence of MNT bulges between cells (human primary CD34+ haematopoietic progenitor cells and leukaemic KG1a cells). The MNT bulge thickness was described to be smaller than 100 nm in diameter, in agreement with our finding concerning MNT #2 1-1 µm) [25] . The length of mitochondria is, however, a variable parameter that depends not only on the specific cell type but also on the state of the cell, i.e. cell cycle [26] or metabolic state [27] . That the location of MNT bulges was seemingly not random on the MNT is a novel finding of our study. The distance values between successive MNT bulges, as quantified by d BB , showed unimodal distributions for both MNTs investigated. The ratio d BB /L B based on the median values was 4.43 for MNT #1 and 7.13 for MNT #2 , respectively; and the ratio d BB /D B based on the median values was 68.4 for MNT #1 and 25 for MNT #2 , respectively. This indicates that the periodicity of the bulges on an MNT seems to be independent of the MNT diameter as well as the length of the MNT bulges. Concerning the cause of the MNT bulge periodicity, no clear mechanism can be envisaged. Either it is a finding due to chance, or there is an underlying unexplored process that regulates the distance between successive bulges of MNTs. It could be indeed that it is only a finding due to chance since only a limited number of data points (i.e. distance values) were available for the analysis. Further studies are needed to investigate this aspect with a larger sample size. What could be in general the cause of the MNT bulges observed? We think that three possible causes should be considered: (1) MNT bulges as artefacts caused by the cell staining process involving the SEM analysis, (2) MNT bulges as local deformations of the MNT without the presence of a cargo inside, or (3) MNT bulges as effects of an object inside the MNT that deforms the enclosing MNT locally. Explanation (1) is unlikely since MNT bulges were also observed by optical microscopy [6] , and MNT bulges are only occasionally observed (contrary to the expectation of the MNT bulge formation being a results of a general SEM staining artefact that should affect all or a large part of all MNTs present in the investigated culture). Explanation (2) is in principle possible but there are no nanomechanical processes known yet that result in an oval local deformation of an MNT without the involvement of an object inside the MNT causing the deformation. Explanation (3) [33] , peroxisomes (typical diameter in RPE cells: 100-300 nm) [34] , or exosomes (typical diameter: 30-100 nm) [35] [36]; (iii) the length of the MNT bulges overlap with the length distributions of mitochondria and peroxisomes [23] [34] , and (iv) movements of MNT bulges were reported by other studies (speed: 0.16 µm/s [14] , 20.7 ± 2.3 µm/h [37] , 0.08 µm/s [19] , 0.0259 ± 0.0079 µm/s [38] , 0.033-0.059 µm/s [39] , 0.045 ± 0.005 µm/s [21] ) indicating the presence of a real object inside the MNT.
Conclusions
Our SEM analysis of two MNTs from cone-like photoreceptor cells of the cell line 661W with multiple bulges revealed that (i) bulges are characterized by a statistically significant local increase in MNT diameter (125% and 225% for both MNTs investigated); (ii) the thickness and length of the MNT bulges correspond to dimensions of mitochondria, peroxisomes and exosomes, and (iii) the MNT bulges seem not to be randomly distributed on the MNTs but exhibit preferred spacing with a different median value for each MNT. Our findings shed new light on the microstructure of MNTs and MNT bulges in particular. Further studies should replicate and extend our findings with more MNTs and by applying SEM and fluorescence microscopy simultaneously by correlative light and electron microscopy (CLEM) [40] or even better 3D CLEM with serial blockface (SBF) SEM, as recently developed [41] .
Limitations
There are two main limitations in this study. First, only two MNTs could be identified in the SEM images taken from multiple sections of two cell cultures, resulting in a small number of MNT bulges that could be used for the statistical analysis of their geometrical properties. Secondly, we did not employ fluorescence microscopy to a nalyzewhether the MNT bulges were colocalized with the presence of fluorescence markers, e.g. JC-1 indicating the mitochondria. This, however, could not be performed for technical reasons: performing SEM and fluorescence microscopy analysis of the same MNT consecutively with two instruments (as available in our lab) is nearly impossible due to change and disturbance of the cell/MNT state caused by the transportation between microscopes and the time-delay involved processing the sample for SEM analysis causing changes in the MNT state. A CLEM analysis would have been a solution.
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